To identify genes related to plant mitochondrial morphology and dynamics, novel mutants with respect to mitochondrial morphology were isolated from an ethyl methane sulphonate (EMS)-mutated population of Arabidopsis thaliana . Mitochondria were visualized by transforming Arabidopsis with a gene for a fusion protein consisting of GFP and a mitochondria-targeting pre-sequence. From 19,000 M2 populations, 17 mutants were isolated by fluorescent microscopic observations. All mitochondria in these mutants were longer and/or larger than wild-type mitochondria. The approximate chromosomal loci of the mutations of seven mutants that grew well were determined. The mitochondrial phenotypes of six of the mutants were recessive but the mitochondrial phenotype of the seventh mutant was dominant. Chromosomal rough mapping of the seven mutants showed that the mutations occurred at four different loci. At least one of these loci was novel, i.e., it was different from loci of other known mitochondrial morphology mutants of Arabidopsis and different from loci of Arabidopsis homologues of yeast genes related to mitochondrial morphology.
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Arabidopsis thaliana , chromosomal mapping, mitochondrial fission, mitochondrial morphology mutants Many of the metabolic and oxidative phosphorylative functions of mitochondria are related to the shape, size, number, and intercellular distribution of mitochondria (Bereighter-Hahn and Vöth 1994, Yaffe 1999) . In yeast, dozens of genes have been shown to be related mitochondrial morphology (McConnell et al., 1990 , Dimmer et al., 2002 . On the other hand, far less is known about plant mitochondrial morphology. To our knowledge, only two genes have been identified as having a role in mitochondrial morphology and distribution in Arabidopsis . One of them encodes two dynamin-related proteins, DRP3A and DRP3B (formerly known as ADL2a and ADL2b), that are related to mitochondrial division (Arimura and Tsutsumi 2002 , Arimura et al., 2004a , Logan et al., 2004 , Mano et al., 2004 . Disruption of DRP3A or DRP3B causes mitochondria to become elongated. The other is FMT (Friendly mitochondria). In the FMT mutant, all the mitochondria in a cell clump together on one side of the cell . Several other Arabidopsis genes similar to the yeast genes may be related to mitochondrial morphology (Logan, 2003 and our unpublished data) . However, two-thirds of yeast genes related to mitochondrial morphology don't have any homologs in Arabidopsis .
One approach to identifying plant genes that affect mitochondrial morphology was to isolate plant mutants with aberrant mitochondrial morphology (AMM). Although mutants of Arabidopsis mitochondrial morphology have already been isolated by Logan et al. (2003) , we believe that the number of M2 seedlings that they screened (9,500) is too small to cover mutations of all of the genes in the Arabidopsis genome. Therefore, we attempted to isolate novel mutants by screening a larger number of M2 seedlings (19,000).
To visualize Arabidopsis mitochondria, we used a chimeric gene consisting of the mitochondrial pre-sequence of Arabidopsis ATPase delta-prime subunit (Sakamoto and Wintz, 1996) and green fluorescent protein (GFP) (S65T) (Chiu et al., 1996) . A. thaliana ecotype Columbia
Edited by Yoshio Sano * Corresponding author. E-mail: atsutsu@mail.ecc.u-tokyo.ac.jp was transformed with the gene by the standard Agrobacterium -floral dipping method (Bechtold et al., 1993) . Seeds of the progeny of a homozygous line were mutagenized with EMS (Redei and Koncz, 1992) . M2 seeds were placed on 1% agarose plates containing MS salts at 22 ° C with a short day photoperiod (11h/13h, light/ dark). One month later, the seedlings were transferred to soil pods (Jiffy-7, Jiffy Products Intl. AS, Norway) at 22 ° C under constant light condition. At 20 days after germination, leaves of 19,000 M2 plants were screened for abnormal mitochondrial morphology or abnormal distribution under a fluorescence microscope (Eclipse E600, Nikon). All cells were observed within 30 minutes after they were covered with a cover glass to avoid the possibility of elongation of mitochondria by low oxygen conditions (Gestel and Verbelen, 2002, Ramonell et al., 2001 ). M3 self-pollinated mutants were crossed with Arabidopsis thaliana ecotype Landsberg erecta for chromosomal mapping. Primers for mapping were designed using the INDELs marker list of Cereon Genomics (St. Louis) on the TAIR home page (http://www. arabidopsis.org).
Ninety-eight seedlings with AMM were obtained by the first rough screening. Half of these seedlings did not show any AMM phenotype at a later observation and were excluded. Other seedlings were excluded because they died or were sterile. The second screening of the progenies of self-pollinated M3 plants yielded 17 fertile AMM mutants. The phenotypes of the 17 mutants are shown in Fig. 1 and are described in Table 1 . The mitochondria in these 17 lines showed two AMM phenotypes. In one phenotype, which was found in all 17 lines, the mitochondria are longer than those in the wild-type (Fig.  1) . In the other phenotype, which was found in 9 of the lines, the mitochondria are larger and round-shaped (panels with arrowheads in Fig. 1 ). The intensity of the AMM phenotypes varied among organs and cell types. In the micrograph in panel 12 of Fig. 1 , some cells with different mitochondrial morphology are visible on the right and left sides of the panel. Round-shaped mitochondria were found in some cells but not in other cells. The aberrant mitochondrial morphologies were observed not only in leaves but also in roots, stems, flowers and shell of siliques (data not shown). The intensities of AMM in some mutants varied during growth, possibly because they are conditional (e.g., temperaturesensitive) alleles caused by EMS mutagenesis.
Although the shapes of many of the mutants (insets in Fig. 1) were normal or nearly normal, some mutants were small (lines 3, 6, 9 and 11) or pale green (line 6) or had red-purple stems (line 4, 10 and 14). Mutant lines 5, 6 and 11 bolted and flowered earlier than the control plants (un-mutagenized parental lines) and the other mutants (Table 1) . Although the flowering-time of line 5 was later than the flowering times of lines 6 and 11, its setting-seed-time was about half a month earlier than the setting-seed-times of the other mutants (data not shown). The fertility of line 17 was quite low. Line 16 couldn't grow well and died at the M3 generation for an unknown reason.
To map chromosomal loci of the disrupted genes of the mutants, we initially chose seven lines of the mutants. Mitochondrial morphology of F1 generation was normal for all lines except line 4. The segregation ratios of the mitochondria phenotypes and GFP expression of F2 plants (Table 2 ) appear to show that line 4 is a dominant mutant. The approximate chromosomal loci of lines 2, 3 and 4 were near the locus of DRP3A on chromosome 4, whereas those of lines 5, 6 and 7 were on chromosome 5 (Table 2) . Based on our present data, the chromosomal loci of lines 5 and 6 are at the same region on chromosome 5, but all test crosses among them have not yet been done. Lines 5 and 6 are from different batches of the M2 population, which raises the possibility that they have different genes or different alleles on the same gene. The locus of lines 5 and 6 was mapped near the locus of the bmt (big mitochondrial) mutant, which Logan et al. (2002) had identified. The locus of line 7 was also mapped near the locus of the nmt (network mitochondrial) mutant (Logan et al., 2002) . Line 1 was mapped to the long arm of chromosome 4, where no loci or homologous genes related to mitochondrial morphology have yet been reported. The locus of line 1 could be a novel gene, i.e., a gene that has not been found in any other organism.
The mitochondria of the Arabidopsis mutants obtained in this study were all elongated or larger than usual. These phenotypes look like the phenotypes of disruptants of mitochondrial division genes in yeast and Arabidopsis (Sesaki and Jensen, 1998 , Bleazard et al., 1998 , Arimura and Tsutsumi, 2002 . Therefore, although plant mitochondria fuse and fission with each other frequently (Arimura et al., 2004b) , all genes disrupted in our AMM mutants may be related to the mitochondrial division event. 
